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Abstract 
Effects of thermal stress on E. coli colony growth kinetic using Chromocult® Coliform Agar (CCA) was investigated 
to indicate the optimal incubation temperature and accelerate colony expansion as well as color accentuation.  E.coli 
colonies were cultured on CCA plate and different temperatures ranging from 30 to 45oC were applied to observe 
E.coli colony growth under thermal stress. The colony imagery was digitized using a digital microscopy equipped 
with size measurement capability. The colony area in pixels was evaluated and the color development using RGB 
indices was monitored over 48 h of incubation. Logistic model was utilized to estimate key kinetic parameters (i.e., 
the maximum specific growth rate and the asymptotic colony area). The colony expansion profiles indicated the 
optimal range of E. coli colony growth was between 37 and 40oC. High incubation temperature (i.e., 45oC) together 
with the inhibitory effect from the selective agent in CCA ceased E. coli growth. The colony color development was 
correlated well with the colony size and incubation temperature. After 16 h of incubation, the colony color saturated 
while colony size kept expanding for 48 h. Proper incubation temperature was critical to develop unique chromatic 
quality and played a vital role to escalate color identity of E. coli colony in CCA. 
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1. Introduction 
To validate food hygenicity and safety practices in manufacturing facilities, novel microbial 
examination has been relentlessly developed for easier and faster detection and enumeration of foodborne 
pathogenic bacteria.  Among many critical bacterial contaminants, Escherichia coli and coliforms are of 
paramount concern requiring systematic monitoring by food inspectors and microbiological experts 
because they are strong indicators of foodborne pathogens and poor hygienic conditions [1]. In an attempt 
to accelerate E.coli/coliforms detection, kinetic study of the colony growth on agar substrates has been 
exploited as a powerful tool to optimize cell culture and hasten the colony analysis [2].  
It is often advantageous to detect an individual enzymatic activity in a complex metabolic pathway to 
identify the target microorganism [3]. Synthetic substrates have been developed and used to study 
microbial enzymatic activities since the early 20th century [4]. For instance, the detection activity of 
colonies of E. coli using CCA relies on the use of 5-brom0-4-chloro-3-indoyl-5’-D-glucuronide (X-
GLUC), which consists of glucuronic acid and a chromophore (indigo blue in color ) [5-7]. The substrate 
X-GLUC is hydrolyzed by ȕ-glucuronidase produced by E. coli. On the other hand, 5-brom0-4-chlor0-3-
indolyl-ȕ-D-galactopyranoside(X-GAL), 6-brom0-3-indolyl-ȕ-D-galactopyranoside (SALMON-GAL) 
and 5-brorn0-6-chlor0-3-indolyl-P-D-galactopyranoside (MAGENTA-GAL) have been widely 
demonstrated as suitable enzyme substrates for coliforms detection [6-8]. These proposed substrates were 
able to be hydrolyzed by ȕ-galactosidase from lactose-digesting pathway and produce blue color 
pigments for X-GAL, and reddish colonies for the remaining two substrates. This chromatic development 
of the target colonies was hypothesized to be associated with incubating conditions. Having an optimized 
environment of colony growth and color development, these specific substrates can effectively 
differentiate E. coli/coliforms from other competing microbes [9].  
In this work, the growth E. coli colony and its chromatic development was captured and monitored 
digitally using a medium-magnification microscope prototype. A mathematical model was utilized to 
simulate colony area expansion. The objective of this work was to compare the E. coli colony growth 
characteristic, namely the colony area expansion and color development, on Chromocult® Coliform Agar 
(CCA) applying different degrees of thermal stresses. Several key kinetic parameters, including 
maximum specific growth rate, and the characteristic time were extracted and used to describe colony 
growth at different temperatures.  
 
Nomenclature 
 
ȝmax maximum specific growth rate  
xmax  maximum colony area / maximum blue color intensity 
y0  the amount of initial incubation of E-coli  
a colony areamax-colony areamin (pixels) 
t cultivation time (h) 
t0 the time (h) that colony area equals to (colony areamax+colony areamin)/2  
b
1  maximum specific colony growth rate (ȝmax) (h-1) 
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2. Materials and methods 
2.1 Microorganisms  
E. coli cells were cultured in Tryptic Soy Broth (TSB) and prepared to reach the final cell density at 
approximately 109 CFU/ml. Appropriate serial dilution at 108 CFU/ml was achieved enabling well-
distributed colony separation on mini-Petri dishes and good resolution of digital imagery using a medium 
magnification microscope. The stain of E. coli was confirmed and enumerated in Chromocult® Coliform 
Agar (CCA) using spread plate technique as described elsewhere [2, 9, 13]. Different incubation 
temperatures (i.e., 30, 35, 37, 40 and 45ºC) were then implemented and E. coli growth kinetics was 
captured using a sigmoidal mathematical model. 
2.2 Chromocult® Coliform Agar cultivation   
The CCA solution was prepared as described in the manufacturer’s preparation procedure. X g of CCA 
mixture was dissolved in 500 ml of distilled water. The CCA solution was boiled and the heated mixture 
was kept stirred for approximately 35 min to reach homogeneity [10]. CCA plates were fabricated on 
mini Petri dishes. Sample inoculums (0.1 ml) were introduced onto the solidified CCA plate and the 
inoculums were evenly distributed on the CCA surface using glass bead spreaders [18]. The CCA plates 
were incubated as specified in experimental designs.  
 
2.3 Colony image analysis 
The E.coli colony image was digitized every hour using a reflected light microscope equipped with a 3 
megapixel camera. A constructed prototype of digital image analysis system was performed to evaluate 
the colony area in pixels and color using RGB indices. The experimental assumption was that the colony 
only expanded horizontally and the area of expansion was highly correlated with the growth of pathogens 
on the solid medium [11].    
2.4 Determining the maximum specific growth rate using Logistic model 
The colony area and color alteration was plotted as a function of incubation time. This E. coli colony 
growth profile was simulated using logistic mathematical representation. Several authors reported using 
this logistic function in Eq. (1) to simulate sigmoidal-type growth profiles of many bacteria with great 
success [12-13]. 
ݕ ൌ ݕͲ ൅
ܽ
ͳ ൅ ݁െሺ
ݐെݐͲ
ܾ ሻ                           (1) 
2.4 Statistical analysis  
All data were collected in triplicate fashion and analyzed at p<0.05 for significant values by ANOVA 
and Duncan’s multiple range tests (Statistical Analysis System).  
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3. Results and discussion 
3.1 Total cell count evaluation 
The overall impact of different incubation temperatures on the total number of colony count was first 
evaluated in Table 1. At high temperature (45oC), no E.coli cell survived on CCA. At the temperature 
between 30-40oC, the incubation temperature had no impact of the total colony count. Different 
temperature treatments returned statistically the same number of total colony reading on Chromocult® 
Coliform Agar (CCA). However, the same range of incubation temperature had rather significant effect 
on colony growth kinetics as reported in the subsequent topic where the expansions of colony areas were 
logged as a function of incubation time. On the macroscopic level, the effect of incubation temperature 
was hardly noticed. 
 
Table 1. Comparison of the total cell count of E. coli at different incubation temperatures using Chromocult® Coliform Agar 
 
E. coli count (log CFU/ml) 
Incubation temperatures 
30ºC 35ºC 37ºC 40ºC 45ºC 
8.35±0.57a 8.39±0.57a 8.43±0.57a 8.49±0.50a ND 
a values in a row with different superscripts aresignificantly difference at P<0.05. 
ND:  not detected 
 
3.2 Kinetics of colony growth 
Despite the same total cell number from different temperature treatment the kinetics of colony area 
expansion at these different incubation conditions did, however, significantly differ (Fig. 1). There exists 
an optimal range of temperatures where E.coli colony enlarged at the highest rate and reached 
significantly larger final colony area. Many literatures suggested the optimal temperatures were in a rather 
lower temperature spectrum 37r2oC [14, 19]. The growth characteristics of E. coli in this experiment 
indicated the optimal range should be on a higher temperature span. The E. coli growth using the 
temperature less than 37oC substantially diminished the intrinsic growth kinetics. At low incubation 
temperature (e.g., 30oC), the colony did not only expand at a much slower rate but also grew to 
substantially smaller colonies. The incubation temperature played an important role in deteriorating or 
supporting colony growth of E. coli on Chromocult® Coliform Agar. 
As seen in the colony growth profiles in Fig. 1, the optimum incubating temperature was in the 
proximity of approximately 40oC. At this temperature, the maximum specific growth rate and final 
maximum colony area extracted from the logistic model in Eq. (1) showed the largest values (i.e., 
0.200±0.002 h-1 and 32441±470 pixels, respectively) as shown in Table 2. The use of this local E. coli 
phenotype defined a rather high incubation temperature to achieve maximum colony growth. The 
common incubation setting adopted from generic protocols was shown to delay the detection of E.coli on 
Chromocult® Coliform Agar. The optimal temperature setting seemed to matter when the reduction of 
analytical time was desirable. For instance, the use of micro inoculation technique (MIT) proposed by a 
research group at King Mongkut’s University of Technology Thonburi (KMUTT) required fast colony 
inspection and early detection using a digital microscope to hasten colony enumeration and E.coli 
detection [9, 15, 18]. For conventional agar cultures (e.g., pour plate technique), the acceleration of 
colony expansion was irrelevant since lead time for human visual detection was a time consuming process 
and generally required overnight incubation.  
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Fig. 1. Profiles of colony growth in five different incubation conditions (red line: 30oC; green line: 35oC; yellow line: 37oC; blue 
line: 40oC and pink line: 45oC) 
 
Table 2. Growth kinetics of E.coli on Chromocult® Coliform Agar and relative coefficient of logistic model at different incubation 
temperatures 
 
Growth kinetic parameters 
Incubation temperature (ºC) ȝmax xmax R2 
 
30 
 
35 
 
37 
 
40 
 
45 
 
0.163a±0.002 
 
0.163a±0.002 
 
0.174b±0.002 
 
0.200c±0.002 
 
ND 
17236±451 
 
20256±536 
 
26324±910 
 
32441±470 
 
ND 
0.994±0.002 
 
0.993±0.002 
 
0.984±0.001 
 
0.997±0.001 
 
ND 
a,b,c values in a column with different superscripts are significantly difference at P<0.05. 
ND: not detected 
 
3.3 Chromatic development 
Detection of a specific enzyme or enzymes has been implemented to differentiate and identify genus, 
species, or groups of microorganisms. In this case, the growth of E. coli colonies on chromogenic 
substrates involves the production of unique enzymes producing distinct dark blue to violet color to E.
coli colonies [16, 17]. The ȕ-D glucuronidase cleaves both substrates Salmon-Gal and X-glucuronide in 
CCA developing more intense dark blue color as the incubation time progresses (Fig. 2). As early as 8 h, 
small violet colonies were detected. The colonies grew larger and the color was more imbued in violet 
chroma. The development of color kinetics was captured by the colony image showing the increment of 
RGB color indices contrasted to the yellowish background of the CCA (Fig. 3). The differences between 
the color indices and the background color also followed sigmoidal function. As opposed to the colony 
area expansion in Fig. 2, the color kinetic reached its asymptotic value rather quick (approximately 16 
hours after incubation). Once the colony was identified, the specific color attribute of E.coli was able to 
be quickly evaluated. 
                                                (a)             (b)             (c)             (d)             (e) 
  12 h 
 
 
18 h 
 
 
24 h 
 
Fig. 2. Photographs of colony formed on plate count agar using different incubation conditions (a) 30oC; (b) 35oC; (c) 37oC;                   
(d) 40oC and (e) 45oC
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The effect of incubation temperature on the color derivatives was not quite apparent (Fig. 3). It was 
largely dependent on the specific attributes (either R, G or B indices) and each attribute displayed 
different optimal incubation to facilitate color formation. Having the prior knowledge of how color of E.
coli colony progress to dark blue chroma from X-glucuronide, the B attributes would be naturally a good 
candidate to represent E.coli colony color development. The profile of the delta B attribute in Fig. 3b 
seemed to agree well with the colony growth profile (Fig. 1) in terms of the effect of incubation 
temperature. The delta E representing the overall color change was rather insensitive with temperature 
change (Fig. 3d). In Table 3, the evaluation of delta B development kinetics using the logistic model 
indicate the use of higher incubation temperature (around 40oC rather than 35-37oC) to expedite blue 
chroma development. Both maximum specific B attribute development rate and final blue chroma were 
maximized at the 40oC incubation treatment. The advantage of fast colony and color development kinetics 
was only benefit a new scheme of colony detection of medium magnification microscopy instead of 
human visual inspection in the conventional Petri dish format. 
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Fig. 3. Profiles of color change using different incubation temperatures (a) delta R; (b) delta B; (c) delta G and (d) overall color 
change or delta E  
 
Table 3. Comparison of key kinetic parameters in term of color development (delta blue) 
 
Parameter 
Incubation temperature (ºC) ȝmax xmax R2 
 
30 
 
35 
 
37 
 
40 
 
45 
 
0.868±0.023 
 
1.002±0.042 
 
0.860±0.046 
 
1.119±0.021 
 
ND 
9087.167±75.484 
 
9167.986±183.484 
 
9916.081±271.853 
 
10227.218±80.062 
 
ND 
0.998±0.003 
 
0.991±0.002 
 
0.983±0.001 
 
0.998±0.001 
 
ND 
a,b,c values in a column with different superscripts are significantly difference at P<0.05. 
ND: not detected 
4. Conclusion 
The study of E. coli colony growth on CCA was facilitated by the use of a prototype digital imagery 
system. The highest colony expansion on CCA was obtained at a significantly higher incubation 
temperature setting (40oC) than typical setting (35oC) recommended by most microbiological standards 
and handbooks. The development of blue color attribute also followed the kinetics of colony area growth. 
The use of medium magnification digital microscopy allow the detection of both colony and blue chroma 
within 8 hours suggesting the detection time of E. coli colony can be substantially reduced from overnight 
with human visual detection to 8 hours by microscopy-assisted inspection. The logistic model was very 
useful to extract important kinetic parameters of E.coli colony expansion; hence, it allowed more 
qualitative comparison between treatment that macroscopically seemed insensitive and trivial.    
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